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Abstract 
In order to analyze the influence of configuration parameters on dynamic characteristics of machine tools in the working space, 
the configuration parameters have been suggested based on the orthogonal experiment method. Dynamic analysis of a milling 
machine, which is newly designed for producing turbine blades, has been conducted by utilizing the modal synthesis method. 
The finite element model is verified and updated by experimental modal analysis (EMA) of the machine tool. The result gained 
by modal synthesis method is compared with whole-model finite element method (FEM) result as well. According to the or-
thogonal experiment method, four configuration parameters of machine tool are considered as four factors for dynamic charac-
teristics. The influence of configuration parameters on the first three natural frequencies is obtained by range analysis. It is 
pointed out that configuration parameter is the most important factor affecting the fundamental frequency of machine tools, and 
configuration parameter has less effect on lower-order modes of the system than others. The combination of configuration pa-
rameters which makes the fundamental frequency reach the maximum value is provided. Through demonstration, the conclusion 
can be drawn that the influence of configuration parameters on the natural frequencies of machine tools can be analyzed 
explicitly by the orthogonal experiment method, which offers a new method for estimating the dynamic characteristics of ma-
chine tools. 
Keywords: configuration parameter; dynamic characteristics; modal synthesis method; substructure; orthogonal experiment 
method 
1. Introduction1   
The development of aviation industry calls for high 
accuracy machining. Vibration generated by machining 
not only affects dynamic precision of machine tools 
and manufacturing quality of workpiece, but also leads 
to productivity reduction and tool wear aggravation, 
even the failure of machine tools. Therefore, it is im-
portant to analyze dynamic characteristics of machine 
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tools for ensuring the precision and stability of ma-
chining.  
Experimental modal analysis (EMA) is an experi-
mental method to obtain the dynamic characteristics of 
machine tools. Kim, et al. [1] conducted vibration tests 
of machine tool structures, which were composed of 
fiber reinforced composites for skin material, resin 
concrete and polyvinylchlorid (PVC) foam for core 
materials, to investigate the dynamic characteristics of 
machine tool structures. Cao and Altintas [2] presented 
EMA of a spindle head in the X- and Y-directions. The 
FRF of specific nodes was also obtained by EMA. 
Kono, et al. [3] implemented EMA of a whole machine. 
Natural frequencies and mode shapes were obtained 
and compared to finite element method (FEM) results. 
Zhao, et al. [4] designed a machine tool column with 
stiffening ribs inside by structural bionic method. Dy-
Open access under CC BY-NC-ND license.
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namic behavior of the structure was gained by EMA.  
Lumped parameter method and FEM are two major 
numerical methods that have been successfully used to 
analyze dynamic characteristic of machine tools. The 
structure of machine tool is complicated. Therefore, it 
is more convenient to establish a model by FEM com-
pared with lumped parameter method. Dhupia, et al. [5] 
analyzed the dynamic characteristics of a reconfigur-
able prototype machine by FEM. The effect of proc-
essing characteristic on dynamics of machine tools was 
also studied. Lee, et al. [6] investigated the dynamic 
characteristics of a whole machine tool by FEM. Be-
sides, the effects of machine tool miniaturization on 
dynamic characteristics were discussed. Wu, et al. [7] 
studied the dynamic characteristics of the linear guide 
in a machine tool by FEM and experimental verifica-
tion. The effects of contact interface on dynamic char-
acteristics were obtained as well. Mahdavinejad [8] 
analyzed natural frequencies of a turning machine by 
FEM and subspace method. The results of FEM were 
also verified by experimental results. Hwang, et al. [9] 
investigated the effects of clamping conditions on the 
dynamic characteristics of cantilever type composite 
machine tool structures with clamped joint. From the 
finite element results and experimental verification, 
suitable clamping conditions for the maximum dy-
namic stiffness were obtained for the composite struc-
tures with clamped joint. 
The structure of machine tools is extremely compli-
cated. In addition, the degree of freedom of a whole 
machine tool is enormous. Hence, it is difficult to ana-
lyze the dynamic characteristics of a whole machine 
tool directly. For this reason, great efforts have been 
made to look for a rapid method of analyzing the ma-
chine tool dynamics. Modal synthesis method was 
applied to analyzing the vibration of rotor-bearing sys-
tem with multi-branched shafting system. It is vali-
dated that the method is very effective for the vibration 
analysis of rotor-bearing system with multi-branched 
shafting system [10]. Segura and Celigüeta [11] con-
ducted dynamic analysis of a transmission tower struc-
ture by modal synthesis method. The results showed 
that the calculation time of modal synthesis method 
was about 50% of that of traditional condensation 
methods in the condensation process, with errors in the 
natural frequencies of the same order as that obtained 
with traditional ones. Schmitz and Duncan [12] pre-
sented the second generation receptance coupling sub-
structure analysis method. The tool point dynamics was 
predicted. 
In the machining process, the configuration of ma-
chine tool changes constantly. With the change of con-
figuration, the stiffness and mass redistribute. The re-
distribution inevitably changes dynamic characteristics 
of machine tools. However, few researches have been 
done to analyze the influence of configuration parame-
ters on dynamic characteristics of machine tools in the 
working space. Li, et al. [13] conducted dynamic analy-
sis of a 6-UPS parallel kinematic machine. Via the data 
processing of the results, the effect of configuration 
parameters on lower-order natural frequencies in the 
working space was confirmed. But the samples of con-
figuration parameters in the working space were cho-
sen blindly. The method of choosing combined pa-
rameters was not proposed in the research. 
Dynamic analysis of a milling machine, which is 
newly designed to serve a specific purpose to attain 
high accuracy and high efficiency of milling turbine 
blades, is conducted by utilizing the modal synthesis 
method in this research. The FE model is verified and 
updated by EMA of the machine tool. The result gained 
by modal synthesis method is compared with the 
whole-model FEM result as well. Orthogonal experi-
ment method is adopted to choose configuration pa-
rameters. The influence of configuration parameters on 
the lower-order natural frequencies is obtained by 
range analysis.  
2. FE Model of Machine Tool 
The milling machine studied in the paper is newly 
designed for producing turbine blades by a certain en-
terprise group in China. Physical prototype of the ma-
chine tool has been developed. CAD model of the ma-
chine tool is shown in Fig. 1(a). In order to establish an 
FE model, simplification of the model is necessary. 
The components with less effect on dynamic charac-
teristics of the whole machine are removed. The small 
features of components are also deleted. The simplified 
model is presented in Fig. 1(b). 
According to the practical constraints, the bottom of 
the machine tool is fully-constrained. The relative po-
sition between contact surfaces is constant at a certain 
configuration. Therefore, contact surfaces are defined 
as bond contact. The contact stiffness is not updated 
during computational process. The initial stiffness 
could be obtained automatically on the platform of 
ANSYS by the contact factor, the element size and the 
elastic modulus of contact materials. The stiffness will 
be adjusted in the process of FE model update accord-
ing to EMA results. 
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Fig. 1  CAD model of machine tool. 
3. Rapid Method for Dynamic Analysis of Ma- 
chine tools 
In order to obtain dynamic characteristics of the 
machine tool rapidly, dynamic analysis of the machine 
tool is conducted by utilizing the modal synthesis 
method with the help of ANSYS parametric design 
language (APDL).  
3.1. Substructure division and realization of modal
 synthesis method 
The structure is divided into three substructures be-
fore calculation, which are plotted in Fig. 2 where the 
nodes with red marks are chosen as master DOFs. Two 
substructures share the same node at each boundary 
between different substructures. Therefore, different 
substructures have the same displacement on the inter-
face according to the displacement continuity. Each 
substructure can be compressed to a super-element. 
Super-elements of substructures are adopted in the 
calculating process. Fixed-interface method is imple-
mented to solve the eigen-value problem. 
For an undamped system, each substructure is de-
fined by a stiffness and mass matrix. The eigen-value 
equation reads: 
   0Mu Ku  (1) 
Partitioning the matrix equation into interface and 
interior DOFs yields 
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s
ª º « »¬ ¼
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where subscripts m and s refer to master DOFs defined 
only on interface nodes and all DOFs that are not mas-
ter DOFs, separately. 
For the fixed-interface method, m  0u . It can be 
obtained from Eq. (1) that 
 ss s ss s  0M u K u  (2) 
Normalized eigenvectors set 
 
Fig. 2  Division of machine tool. 
 > @s 1 2 "ĭ ĭ ĭ  (3) 
can be obtained by solving Eq. (2). The matrix sĭ  is 
composed by low-order eigenvectors. 
Equilibrium equation on interface nodes can be rep-
resented as follows: 
 
mmm ms m
sm ss s
ª ºª º ª º « »« » « »¬ ¼¬ ¼ ¬ ¼ 0
uK K F
K K u  
(4) 
where Fm is the acting force between interface nodes. 
The relation can be drawn from the second equation 
of Eq. (4): 
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The physical displacement vector u can be repre-
sented in terms of component generalized coordinates: 
 
m m
s s
ª º ª º  « » « »¬ ¼ ¬ ¼
u u
u T
u y  
(6) 
where sy  is the truncated set of generalized modal 
coordinates, and T the transformation matrix. The 
physical displacement vector u is transformed to modal 
displacement vector [um  ys]T by the transformation. 
The transformation matrix T can be evaluated from 
Eq. (3) and Eq. (5). 
 1
ss sm s

ª º « »¬ ¼
0I
T
K K ĭ  (7) 
where I is the identity matrix, 
T1
ss sm
ª º¬ ¼I K K  the 
redundant static constraint modes set, and [0  )s]T the 
normalized eigenvectors set obtained with interface 
nodes fixed. 
The realization of modal synthesis method is shown 
in Fig. 3.  
 
Fig. 3  Realization of modal synthesis method. 
Compared with traditional FEM, there are two ad-
vantages of the modal synthesis method to analyze the 
dynamic characteristics of machine tools. 
1) The degree of freedom of a whole machine tool 
model is enormous. Therefore, it is difficult to analyze 
the dynamic characteristics of a whole machine tool 
directly. The modal synthesis method can reduce the 
amount of calculation, since the large model is divided 
into smaller parts, which results in less calculation 
time.  
2) The stiffness matrix and mass matrix of Sub-
structure 2 and Substructure 3 are changed at different 
configurations. But the stiffness matrix and mass ma-
trix of Substructure 1 are not changed at all. Therefore, 
the super-element of Substructure 1 is only formed 
once in the calculating process, and can be used at dif-
ferent configurations.  
3.2. Verification and update of FE model 
The FE model is verified and updated by EMA of 
the machine tool in this research. The result gained by 
modal synthesis method is compared with the 
whole-model FEM result as well. In the process of 
verification, the analysis and experiments are con-
ducted at the same configuration.  
EMA on the machine tool is conducted by DASP 
system which is developed by China Orient Institute of 
Noise & Vibration. Figure 4 shows the experimental 
setup. The machine tool is excited at multiple points 
and the output signal is picked up at one point. The 
accelerometer of INV9824 type is attached to the ma-
chine structure at the locations shown in Fig. 5 to cap-
ture its vibration signals according to input impulse 
forces. The impulse force inputs are applied at various 
locations of the machine structure, and the map of the 
locations of impulse force inputs is shown in Fig. 5. 
The numbers in Fig. 5 are the impulse order arranged 
in the test. The natural frequencies obtained by EMA 
are shown in Table 1. 
 
Fig. 4  Experimental setup. 
 
Fig. 5  Locations of accelerometer and impulse inputs. 
Table 1  Comparison between results obtained by EMA 
and modal synthesis method 
Natural frequency/Hz 
Order 
EMA Modal synthesis method 
Error/% 
1 47.5 44.256 6.8 
2  53.173  
3 77.5 83.681 8.0 
 
The stiffness between contact surfaces is adjusted to 
make sure that FEM results are consistent with EMA 
results. Before adjusting, the sensitivity of each stiff-
ness between the main contact surfaces is evaluated. 
Sensitivity is defined as 
 ( / ) /( / )j ji is f f k k ' '  (8) 
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where fi is the ith order natural frequency of the system, 
and kj the stiffness factor of the jth contact surface. The 
contact factors which are more sensitive to the natural 
frequency are adjusted until the errors between nu-
merical solutions and EMA results are acceptable. Via 
FE model update, the errors between EMA and modal 
synthesis method, which are shown in Table 1, are 
relatively small. The FE model is verified and updated. 
It is worth noting that the second order natural fre-
quency is not obtained by EMA. 
The result of modal synthesis method and that of the 
whole-model FEM are compared in Table 2. The con-
clusion can be drawn that numerical values gained by 
modal synthesis method are a little greater than those 
by the whole-model FEM. The reason is that modal 
synthesis method is the extension of the Ritz method. A 
certain mode shape of the system needs to be supposed 
when modal synthesis method is implemented to esti-
mate dynamic characteristics of the mechanical system. 
The more accurate the supposed mode is, the more 
precise the result is. And the supposed mode is equiva-
lent to adding constraints on the system, which leads to 
stiffness increasing of the system. Therefore, numerical 
values gained by modal synthesis method are a little 
greater than those of the whole-model FEM [14]. But the 
error of numerical results, obtained by the two methods, 
is relatively small. 
Table 2  Comparison between results obtained by dif-
ferent numerical methods 
Natural frequency/Hz 
Order Whole-model FEM/ 
Hz 
Modal synthesis 
method/Hz 
Error/ 

1 40.765 44.256 7.8 
2 52.107 53.173 2.0 
3 73.513 83.681 12.1 
 
Certain order mode shapes obtained by the two 
methods are plotted in Fig. 6. By comparison, the mode 
shape gained by modal synthesis method agrees well 
with the whole-model FEM result. And the calculation 
time of modal synthesis method is only about 1/3 of 
that of the whole-model FEM. 
The comparison between modal synthesis method 
and whole-model FEM demonstrates that the former 
one is a rapid and effective method for dynamic analy-
sis of machine tools.  
 
 
Fig. 6  Comparison between mode shapes obtained by dif-
ferent methods. 
4. Results and Discussion 
The effect of rotational configuration parameter of 
the chuck on dynamic characteristics of the system is 
not considered in this research. And there are four con-
figuration parameters affecting dynamic characteristics 
of the system. Their numeric areas are listed as follows. 
Numeric area of the distance from the spindle to its 
left limit position x is x=0-1 824 mm. According to the 
symmetry in the left/right direction, numeric area of x 
is reduced to x=0-912 mm in order to reduce the cal-
culating amount. 
Numeric area of stick-out length of the spindle y is 
y=0-523 mm; Numeric area of the distance from the 
spindle to its upper limit position z is z=0-332 mm; 
Numeric area of pivot angle of the spindle T  is 
T =120q-120q. According to the symmetry in the 
left/right direction, numeric area of T  is reduced 
toT =0q-120q in order to reduce the calculating am- 
ount as well. 
The configuration parameters are continuous, so 
there are countless configurations for the machine tool. 
Finite configurations must be chosen to investigate the 
effect of configuration parameters on dynamic charac-
teristics of the system. Orthogonal experiment method 
is a scientific method of arranging and analyzing 
multi-factor experiment. The reliable regularity can be 
discovered by fewer experiments. Based on the ex-
periment data suggested by orthogonal experiment 
method, Du, et al. [15] proposed a mathematical model 
of thermal error of a turning center. Effectiveness of 
the model was proven through industrial application. 
Each of the four influencing factors is divided into 
three levels which are listed in Table 3 according to 
orthogonal experiment method. 
Table 3  Influencing factors and level division 
Influencing factor 
Number of level
x /mm y /mm z /mm T/(°) 
1 0 523 0 0 
2 456 261.5 166 60 
3 912 0 332 120 
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Orthogonal experimental design L9(34), listed in the 
left side of Table 4, is chosen according to the number 
of influencing factors and divided levels. Dynamic 
analysis of the machine tool at every configuration 
which is designed in the table is conducted. Natural 
frequencies of the system at every status listed in the 
right side of Table 4 are calculated by modal synthesis 
method. 
Table 4  Orthogonal experimental design and natural 
frequencies 
Influencing factor Natural frequency/Hz
Experiment
x y z T 1f  2f  3f  
1 1 1 1 1 46.621 54.390 75.504 
2 1 2 2 2 47.856 55.130 79.991 
3 1 3 3 3 49.210 57.219 84.572 
4 2 1 2 3 44.100 56.417 75.043 
5 2 2 3 1 45.373 59.314 81.202 
6 2 3 1 2 43.461 54.095 78.964 
7 3 1 3 2 44.024 59.821 78.568 
8 3 2 1 3 42.304 54.498 78.377 
9 3 3 2 1 43.214 56.585 82.411 
 
Range analysis is a statistical method to determine 
the factors’ sensitivity to the experimental result ac-
cording to the orthogonal experiment. Range is defined 
as the distance between the extreme values of the data. 
The greater the range is, the more sensitive the factor 
is. 
The results of range analysis are listed in Tables 5-7. 
To illustrate effects of configuration parameters on 
dynamic characteristics of the system, the results are 
plotted in Fig. 7, where R1, R2 and R3 represent the 
range of configuration parameters corresponding to the 
1st, 2nd and 3rd order natural frequencies respectively. 
From Tables 5-7 and Fig. 7, it can be found from the 
phenomenon that the range of the parameter T to 
lower-order natural frequencies is less than that of oth-
ers, especially to the 1st and 3rd order natural fre-
quency. Therefore, the conclusion can be drawn that 
the configuration parameter T has less effect on 
lower-order modes of the system than others.The range 
of T to the 1st order natural frequency is far less than 
that of other parameters. As a result, the factor of T 
could be neglected in the estimating process of 
fundamental frequency of the system. 
From the range analysis in Table 5 and the compari-
son in Fig. 7, it is concluded that the change of con-
figuration parameter x has the greatest effect on the 1st 
order natural frequency. The configuration parameter z 
takes the second place. The configuration parameter y 
takes the third place. The configuration parameter T 
has the smallest influence on the 1st order natural fre-
quency. Therefore, the configuration parameter x is the 
most  important  factor  which influences the 
fundamental frequency of machine tools. When the 
configuration parameter x is chosen at the first level 
and the configuration parameters y, z and T are chosen 
 
Fig. 7  Chart of range. 
at the third level, the 1st order natural frequency 
reaches the maximum value. 
Table 5  Range analysis of the 1st order natural fre-
quency 
Level x y z T 
1 143.687 134.745 132.386 135.208 
2 132.934 135.533 135.170 135.341 
3 129.542 135.885 138.607 135.614 
Range 14.145 1.14 6.221 0.406 
Table 6  Range analysis of the 2nd order natural fre-
quency 
Level x y z T 
1 166.739 170.628 162.983 170.289 
2 169.826 168.942 168.132 169.046 
3 170.904 167.899 176.354 168.134 
Range 4.165 2.729 13.371 2.155 
Table 7  Range analysis of the 3rd order natural fre-
quency 
Level x y z T 
1 240.067 229.115 232.845 239.117 
2 235.209 239.570 237.445 237.523 
3 239.356 245.947 244.342 237.992 
Range 4.858 16.832 11.497 1.594 
 
From the range analysis in Table 6 and the compari-
son in Fig. 7, it is concluded that the change of con-
figuration parameter z has the greatest effect on the 2nd 
order natural frequency. The configuration parameter x 
takes the second place, and y takes the third place. And 
T has the smallest influence on the 2nd order natural 
frequency. 
From the range analysis in Table 7 and the compari-
son in Fig. 7, it is concluded that the change of con-
figuration parameter y has the greatest effect on the 3rd 
order natural frequency. The configuration parameter z 
takes the second place, and x takes the third place. And 
T has the smallest influence on the 3rd order natural 
frequency. 
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5. Conclusions 
The following conclusions can be drawn from the 
dynamic analysis at different configurations of a cer-
tain machine tool. 
1) Dynamic analysis of machine tools can be con-
ducted by utilizing modal synthesis method rapidly and 
effectively. Moreover, the configuration change of 
machine tools has no effect on the stiffness and mass 
matrix for some substructures. The forming of su-
per-elements is conducted only once. In this way, the 
calculating amount is reduced in this research. Rapid 
analysis of the models at different configurations is 
realized. 
2) For the machine tool studied in this paper, the 
configuration parameter T has less effect on 
lower-order modes of the system than others. Based on 
sensitivity to the fundamental frequency, the descend-
ing order of configuration parameters is x > z > y >T. 
Therefore, the configuration parameter x is the most 
important factor which influences the fundamental 
frequency of machine tools. When the configuration 
parameter x is chosen at the first level and the configu-
ration parameters y, z and T  are chosen at the third 
level, the fundamental frequency reaches the maximum 
value.  
3) The influence of configuration parameters on 
natural frequencies of machine tools can be analyzed 
explicitly by the orthogonal experiment method, which 
offers a new method of estimating the dynamic charac-
teristics of machine tools. 
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